Abstract: Advanced Driver Assistance Systems (ADAS) are in the focus of the vehicle control research. In the paper, the design method of a controller for a longitudinal ADAS system of a test vehicle is proposed. The cruise control must guarantee precise velocity tracking at varying vehicle mass and road inclinations. The mass variation and road slope changes are formulated as disturbances of the system. A combined robust H ∞ and feedforward control design method is applied, which guarantees the robustness of the system against disturbances and considers actuator dynamics. The resulting control algorithm is implemented in CarSim. Simulation scenarios on the Mulhouse-Belfort highway section are performed to illustrate the efficiency of the method.
INTRODUCTION AND MOTIVATION
In the last few decades, Advanced Driver Assistance Systems (ADAS) have been developed to improve the safety and efficiency of road vehicles. The active control systems are able to assist or give warning signals to the driver in e.g. trajectory tracking, parking or critical situations. The designed ADAS systems must guarantee several performances and robustness in various vehicle dynamic maneuvers. The motivation of the paper is to develop a cruise control algorithm which is incorporated in an ADAS system on the test vehicle of the Modelling Intelligence Process and Systems (MIPS) Laboratory, see Figure 1 . The vehicle is used for the validation of the developed ADAS concept. An applicative requirement for the control system is the adaptivity to the current circumstances of the vehicle. Therefore, the control system must be robust and it is necessary to use only a small number of vehicle parameters.
Several methods in the topic of cruise control systems have been proposed. Model Predictive Control (MPC) algorithm is largely employed for cruise control purposes. Borrelli et al. (2001) proposes a hybrid discrete vehicle model with piecewise affine functions, where the frictional torque is approximated as a piecewise affine function of the slip. Moreover, constraints on the torque, on its varia- tion, and on the slip are satisfied. The MPC technique is applied to consider the constraints and solve the traction control problem and the robustness is proved based on experimental results. A two-level control design is proposed in Li et al. (2011) . In the architecture the low level controller handles the nonlinearities in the vehicle dynamics (engine torque maps, time-varying gear position and aerodynamic drag force), while the high level is an MPC control, considering minimal tracking error, fuel consumption and the car-following requirements of the driver. Safety and comfort criteria are involved as constraints during a quadratic programming algorithm. In Katriniok et al. (2013) a velocity tracking problem as part of an integrated lateral and longitudinal control is proposed. In the vehicle model the longitudinal acceleration is handled as control input, whose constraints are incorporated in the MPC formulation.
The sliding-mode control technique is used in Lu and Hedrick (2005) . In the paper, a second-order nonlinear vehicle body dynamical model is adopted, which is feedback linearizable. Besides the vehicle dynamics, other main dynamical components along the power-train and drivetrain are also modeled, such as a turbocharged diesel engines, torque converters, transmissions, transmission retarders, pneumatic brakes and tyres. A two-level control design is proposed, where the purpose of the slidingmode high level control is to generate the desired torque from the desired vehicle acceleration. Robustness in the control architecture against the external disturbances is considered. Kolmanovsky and Filev (2010) focus on the longitudinal control in such a way as to achieve optimal trade-off between expected average fuel economy and expected average travel speed. An optimal control problem is formulated using Bellman's principle. The optimal control policy is computed offline, while the vehicle speed set-point (one distance step ahead) is computed on-line. Recently, in Attia et al. (2014) a longitudinal control strategy based on a two-loop approach has been presented. The direct Lyapunov approach is considered to design the outer-loop for references speed tracking and the inner-loop for torque control. This longitudinal control is coupled to a lateral control providing a whole guidance control strategy.
Considering PI structured adaptive control design, an approach is presented by Xu and Ioannu (1994) . The design is based on a linearized vehicle model, while a reference model generates the reference velocity signal. The adaptation guarantees the handling of model parameter variations. A model-free control design approach is applied to design an intelligent PI controller in Menhour et al. (2013) . The longitudinal control inputs are traction/braking wheel torques, and the longitudinal positioning error of the vehicle is improved using the method. The method is robust with respect to modeling errors and parametric uncertainties. A combined H ∞ feedback and feedforward control is empoyed to damp out longitudinal oscillations using µ analysis in Lefebvre et al. (2003) . The robust H ∞ method is compared to the Linear Quadratic Regulator design in Junaid et al. (2005) . In the paper a third-order linear system is applied, which describes the dynamics of the vehicle and the power-train. The controlled system is robust against exogenous disturbances and the parameter uncertainty of power-train time is constant.
The goal of this paper is to design a velocity tracking longitudinal vehicle control which guarantees robust performance. The contribution of the paper is a robust H ∞ cruise control based on a feedforward and a feedback control design, which guarantees a precise velocity tracking against longitudinal disturbance effects, such as road slopes, aerodynamic forces, rolling resistance, and mass parameter variations of the vehicle. In the control formulation the dynamics (parameter variation) of the actuator has been considered in a simplified form.
The paper is organized as follows. Section 2 describes the formulation of the longitudinal vehicle model together with the mass variation and disturbances. The robust optimal control strategy is proposed in Section 3. The efficiency of the method is illustrated through simulation examples in Section 4. Finally, the last section summarizes the contributions of the paper and the further works.
MODELING LONGITUDINAL DYNAMICS
In this section the modeling of longitudinal dynamics is presented. Since the cruise control method must be easily adopted to a vehicle, some vehicle parameters are involved. Thus, the longitudinal dynamics is described in the approach by the next simplified model:
(1) where m is the mass of the vehicle, v is the longitudinal velocity, F l is the realized longitudinal force on the wheels. F d includes the longitudinal disturbances, such as the aerodynamic forces, rolling resistance and road slope. F d is expressed as:
where ϑ is road slope and C a , C r are vehicle parameters related to aerodynamic and resistances forces.
Since the handling of vehicle mass uncertainty is a requirement for the control system, it is considered defining the actual mass m of the vehicle such as:
where m 0 is the nominal mass of the vehicle and m v is the mass variation. The variation is assumed to be a bounded parameter, e.g. m v /m 0 = ±30%. Substituting (3) in (1), the longitudinal motion equation is reformulated in the following way:
(4b) Considering thatv actual longitudinal acceleration is a measurable and (practically) bounded signal of the vehicle, m vv is handled as a disturbance of the vehicle. Combining it with F d , the next expression is yielded:
Note that expression (5) 
ROBUST CONTROL STRATEGY
In this section the control design for the longitudinal velocity tracking control problem is proposed. The controlled system must guarantee precise tracking, robustness against the mass variation, road slope and further disturbances. The conservativeness of the control algorithm can be reduced through the consideration of the measurements on disturbances. In the proposed control scheme, F d,1 is considered as a measured disturbance. Thus, it is recommended to derive a feedforward term in the control strategy for the direct elimination of F d . In the following a robust control design method is presented, which combines the advantages of the feedforward and feedback control design.
The realized total longitudinal control force on the wheels F l is divided into two elements:
where the purpose of F l,1 is to compensate for the measured disturbance F d,1 , while F l,0 guarantees the unknown disturbance rejection and the performances.
If F d,1 is fully compensated for, then the feedforward control input is
where v, ϑ are measured and estimated parameters, see Vahidi et al. (2005) . Thus, the efficiency of the feedforward disturbance compensation is based on the accuracy of v, ϑ.
Since the measurement of the speed and the estimation of the road slope are inaccurate, the feedforward compensation has an error F d,11 . The longitudinal motion of the vehicle is formed using (1), (6) and (7) and is described as
In the next step a feedback control input F l,0 is designed, which is able to handle the disturbances
Modeling actuator dynamics
In the real intervention of the driveline/brake system the physical construction of the actuator has an important role. Generally, the actuators delay the intervention and provide additional dynamic motion. Therefore, it is necessary to consider the dynamics of the actuator in the design of the controller to improve the tracking capability of the ADAS system. In the following a simplified formulation of the actuator dynamics, which generates the longitudinal force F l , is considered as:
where u is the control input, which is computed by the control algorithm. The robust control design is based on the relation (9) between u 0 and F l,0 . The considered actuator dynamics (9) for the feedback design can be reformulated as a transfer function:
The reformulation of the actuator dynamics can be handled as an input multiplicative uncertainty of the system, where W u = −τ s/(τ s+1) is the uncertainty of the system. In this case, the robustness of the system requires the consideration of the highest bound of W u in the control design. The Bode amplitude diagram of W u depends on τ . Since the maximum bound W u is defined by the highest τ value, the robust control must be designed with it. The maximum τ is related to the slowest actuation of the driveline/braking systems. This τ value must be considered in the robust control design.
Design of feedback controller
The feedback control input F l,0 has three main goals in the control strategy: the rejection of unknown disturbances
, the handling of the unmodelled actuator dynamics, and the guaranteeing of the performances. The state-space representation of the system is the following:
where the disturbances are compressed to a vector
The measured output of the system is the velocity v, which is also the state in the formulation.
The performances of the system are the tracking of the reference velocity v ref and the minimization of the control input u 0 . Note that the influence on control input is necessary to avoid the extremely high actuation of the longitudinal control. The performance signals are
Fig. 2. Closed-loop interconnection
The state-space representation of the system for the control design, which incorporates the performances and the measurement is the following:
(13c) The augmented-plant for the H ∞ design is illustrated in Figure 2 . The weighting functions of z 1 and z 2 are formulated as W p,i = (b 1,i s + b 0,i )/(a 1,i s + a 0,i ) where b 1,i , b 0,i , a 1,i , a 0,i are design parameters. The selection of these parameters has significant relevance. The accuracy of the velocity tracking, the limitation of the actuator intervention and the overshot of the velocity signal are determined by these parameters. In Figure 2 the measured signal is y = v. The sensor noise F d,s on the velocity measurement is considered as a disturbance, which must be rejected by the robust controller. Thus, F d,f b is extended with the signal F d,s .
The state space representation of the closed-loop control system is formulated in the following way:
The objective of H ∞ control is to minimize the inf-norm of the transfer function T z∞w . More precisely, the problem can be stated as follows (Scherer and Weiland, 2000; Boyd et al., 1997 ). The LMI problem of H ∞ performance is formulated as: the closed-loop RMS gain from w to z ∞ does not exceed γ if and only if there exists a symmetric and definite positive matrix
For the open-loop plan P , see Figure 2 , find an admissible control K which satisfies the following design criteria:
• the closed-loop system must be asymptotically stable,
• the closed-loop transfer function from F d,f b to z ∞ satisfies the constraint: Finally, a robust dynamic K controller is yielded. The feedback control input is formally computed as u 0 = K(v ref − v). As a result of the combined feedforwardfeedback strategy, the control law of the system, using (7), is yielded as:
17b) where u 0 represents the feedback control input and u 1 the feedforward control.
Application of the method in the driving/braking system
The result of the robust control design is the longitudinal force input u = F l . However, the real physical system has two inputs, such as driveline and brake inputs. The transformation of F l , considering the real physical inputs, is presented in the following.
In the conventional engine-powered driveline system the gear positioning and the throttle are the intervention possibilities. The proposed method considers an automatic transmission, where the positioning of the gear is determined by the engine speed and the throttle α ∈ [0 . . . 1]. Thus, it is necessary to find an appropriate α, which guarantees the realization of F l . Since the driveline dynamics (9) is faster than the longitudinal dynamics, the transients of the driveline are ignored in the computations. The conversion between F l and α is based on static relations. The required torque of the engine is computed with the next expression as:
where R w is wheel radius, k 0 and k g are the ratios of the driven axle and the transmission. The value of k g depends on the current gear position. The conversion between M eng and α is performed through the engine characteristics, see e.g. Figure 3 . This computation requires the measurement of the engine speed n, and the inversion of the characteristics based on M eng and n.
The braking system in the paper is a conventional hydraulic construction. The dynamics of the braking hydraulics τ is faster than the longitudinal motion, therefore the relationship between F l and brake cylinder pressures is described by static equations. First, the longitudinal force is divided between the front and the rear axles, using the following expression, see Zomotor (1991) :
where F r and F f r are the wheel forces at the rear and at the front, respectively. h represents center of gravity height, l 1 , l 2 are the distances between the axles and the center of gravity. F f r and F r are divided equally between the left and the right sides. Second, the wheel longitudinal forces are converted into the cylinder braking pressures, such as
where F i is the longitudinal force of the wheel, and C pM,i is the constant, which depends on the wheel brake construction.
The decision between the actuation of the driveline and braking depends on the control force F l . If F l > 0 then throttle is activated, otherwise the braking pressures of the cylinders are increased.
SIMULATION EXAMPLES
In this section, the results of the proposed control method are presented through simulation scenarios. For simulation purposes, the CarSim vehicle dynamics software is applied. In the simulation, the data of the test vehicle are used. In the two proposed simulations, the nominal mass is set at 2037kg and the maximum mass is 2637kg. The simulations based on the real topographical data of the French highway section A36 between Mulhouse and Belfort are performed, see Figure 4 . The altitude and road geometry coordinates are derived from Google Earth. The proposed road is a 36km-long highway section with several road slope changes. In the simulations the efficiency of the control system is presented, such as precise velocity tracking and robustness against mass variation and road slope change.
Two simulations are presented in the following. First, the simulation is performed using the nominal mass vehicle, while in the second simulation the results of the controlled overloaded-mass vehicle are analyzed. Figure 5 (a) illustrates the velocity tracking of the nominal mass vehicle.
In the simulation the road section contains several velocity regulations, which must be guaranteed. The result shows that the controlled system is able to guarantee a precise tracking. The changes in the road slope are attenuated by the robust control, while the variation of the reference signal is tracked. Figure 5 (b) illustrates the control input and its components u 0 for feedback control and u 1 for feedforward control. The feedforward control u 1 is responsible for the rejection of road slope disturbance, therefore the influence of the powerful road grade variation on the velocity tracking is reduced.
The physically applied engine throttle is illustrated in Figure 5 (c). The required throttle is calculated through the torque map of the engine and the current gear ratio, see Figure 5 (d). The effect of the reference velocity change is represented on the throttle actuation: at 12km, 21km and 34km section points the reference velocity significantly changes. Thus, the throttle is increased to guarantee the precise tracking, see Figure 5 (d). The effects of the reference velocity changes in the control input signal are also represented in Figure 5 (b). The handling of the reference velocity change is guaranteed by the feedback control input u 0 . The generated engine torque can be seen in Figure 5 (e). The brake cylinder pressures on the wheels are presented in Figure 5 (f). The actuated brake pressure is calculated through the characteristics of the braking system. Figure 6 presents the simulation examples of the fullmass vehicle (2637kg) on the same route. The velocity tracking of the vehicle is shown in Figure 6 (a). It is shown that the velocity tracking is accurate as in just as the nominal mass vehicle. Thus, the control system operates appropriately together with the mass variation. Figure 6 (b) shows the control force of the full-mass vehicle. The required control input u 1 is higher than in Figure  5 (b), because mass variation m v must be compensated for through an increased control input.
The increased vehicle mass requires an increased control input u, which results a more powerful engine throttle actuation, see Figure 6 (c). The increases in the engine torque and brake pressures are illustrated in Figure 6 (d),(e).
Finally, the designed H ∞ -based cruise control guarantees the appropriate velocity tracking. Moreover, the robustness against the mass variation and the change of the road slope are analyzed and shown through the simulation examples. The proposed control algorithm yielded adequate simulation results, thus it is recommended to use it in the further implementation steps. In the paper a control design of a cruise control system for a test vehicle is designed. The resulting control algorithm guarantees the robustness of velocity tracking against road slopes, road resistances and mass variations. The accuracy of velocity tracking is improved with the combination of a robust optimal H ∞ feedback combined with a feedforward controller. The proposed control design requires a low number of vehicle parameters, thus the method can be applied to various vehicles. The efficiency of the control is shown during simulation examples. In a near future, the proposed control algorithm will be tested on a real vehicle. 
